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Layer-by-layer heteroepitaxial growth processes of a BaO layer on SrTiO3~001! were simulated in
order to predict an appropriate buffer layer for a YBa2Cu3O72x(YBCO!/SrTiO3~001! heterojunction
by using our crystal growth molecular dynamics ~MD! simulation code. The SrTiO3~001!
terminated by a TiO2 atomic plane was employed as the substrate in the present simulations. BaO
molecules were continuously deposited on the SrTiO3~001! one by one, and finally a
two-dimensional and epitaxial growth of a BaO layer was observed at 700 K. Moreover, the
constructed BaO layer was atomically flat and smooth without defects, retaining a NaCl-type
structure and ~001! oriented configuration. However, the stress of the BaO/SrTiO3~001!
heterojunction gradually increased and finally reached to approximately 1.2 GPa during the epitaxial
growth process. It is expected that the large stress disturbs the subsequent fabrication of the uniform
YBCO/SrTiO3~001! heterojunction. We also simulated the epitaxial growth process of a BaO layer
on a @single SrO layer/SrTiO3~001!#. An atomically flat and smooth BaO layer without defects was
also obtained at 700 K. Surprisingly, the stress of the BaO/@single SrO layer/SrTiO3~001!#
heterojunction was almost 0.0 GPa after epitaxial growth. We have already suggested that @BaO
layers/single SrO layer# are suitable buffer layers for the YBCO/SrTiO3~001! heterojunction on the
basis of regular MD simulations @M. Kubo et al., Phys. Rev. B 56, 13535 ~1997!#. From the present
crystal growth simulations, we confirmed that the above atomically uniform and smooth
BaO/SrO/SrTiO3~001! can be fabricated and almost no heterointerface stress was induced after the
epitaxial growth. Moreover, the effect of substrate temperature on the heteroepitaxial growth
process of the BaO layer on the SrO/SrTiO3~001! was discussed. © 1998 American Institute of
Physics. @S0021-9606~98!70444-1#I. INTRODUCTION
A SrTiO3~001! surface has attracted much attention
among metal oxide crystals, due to its significance as a sub-
strate suitable for the epitaxial growth of high Tc supercon-
ducting films. Since YBa2Cu3O72x ~YBCO! has a similar
structure to SrTiO3 and their lattice mismatch is less than
2%, SrTiO3 is expected to be an insulator thin film and sub-
strate for the Josephson tunnel junction based on YBCO
which has not been accomplished. Hence, the fabrication of a
uniform YBCO/SrTiO3 heterojunction has been well
studied1–6 by using various experimental techniques, such as
sputtering, pulsed laser deposition ~PLD!, molecular beam
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Downloaded 22 Dec 2009 to 130.34.135.21. Redistribution subject toepitaxy ~MBE!, chemical vapor deposition ~CVD!, reflection
high-energy electron diffraction ~RHEED!, low-energy elec-
tron diffraction ~LEED!, x-ray photoelectron spectroscopy
~XPS!, atomic force microscopy ~AFM! and scanning tun-
neling microscopy ~STM!. Although interesting and impor-
tant information has been accumulated experimentally, theo-
retical approaches such as molecular dynamics ~MD!,
quantum chemistry, Monte Carlo simulation, and computer
graphics ~CG! are also effective and efficient tools to eluci-
date various properties of SrTiO3 such as surface reconstruc-
tion, electronic structure, dielectric property, ferroelectricity,
phonon frequencies, band structure, and energetics.7–12 In
addition to the bulk and surface properties of SrTiO3, a de-
tailed understanding of the interface structure of the
YBCO/SrTiO3 substrate on an atomic level by using theoret-
ical techniques has also been necessary. In spite of the above
intense demand, the atomistic simulation of the interface8 © 1998 American Institute of Physics
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cause of the complexity of the system. Instead of the above
complex system, a detailed understanding of the
BaO/SrTiO3~001! heterojunction is also useful for the design
and artificial construction of the Josephson tunnel junction
based on YBCO/SrTiO3, since the BaO plane is one part of
the layered YBCO structure which has a stacked sequence of
BaO/CuO2/Y/CuO2/BaO/CuO. It is expected that the fabri-
cation of the BaO/SrTiO3~001! substrate with an atomically
flat and smooth surface enables us to construct a uniform
BaO/CuO/BaO/CuO2/Y/CuO2/BaO/SrTiO3~001! sequence.
Since SrTiO3 crystal has a structure stacked alternately
by nonpolar SrO and TiO2 atomic planes, two different sur-
face terminations with either SrO or TiO2 at the ~001! top
layer are possible. Hence, the effect of surface terminations
of the SrTiO3~001! substrate on the BaO/SrTiO3~001! hetero-
junction is also a stimulating and exciting topic. Experimen-
tally, the atomic surface terminations and structures of
SrTiO3 have been actively investigated.13–19 Recently,
Yoshimoto and co-workers18 determined the topmost plane
of the SrTiO3~001! surface by means of the coaxial impact-
collision ion scattering spectroscopy ~CAICISS! measure-
ments. Their study revealed that the SrTiO3~001! surface of
as-supplied substrates as well as O2-annealed substrates were
predominantly terminated by the TiO2 atomic plane. More-
over, Kawasaki and co-workers19 succeeded in fabricating an
atomically flat and smooth SrTiO3~001! surface completely
terminated by the TiO2 atomic plane by treatment with a
pH-controlled NH4F–HF solution.
Recently, we reported20 the regular MD simulation
studies on the interface structure and stress of the
BaO/SrTiO3~001! heterojunction. The SrTiO3~001! substrate
terminated by the TiO2 atomic plane was employed as a
substrate on the basis of the above experimental results.18 19
Concretely, the interface structures of both BaO/SrTiO3~001!
and BaO/@single SrO layer/SrTiO3~001!] @BaO/SrO/
SrTiO3(001)] heterojunctions were investigated at 300 K.
Generally, the fabrication of the heterojunction induces
stress at the heterointerface because the substrate and the
constructed layers have different lattice constants. Hence, the
heterointerface stress of both BaO/SrTiO3~001! and
BaO/SrO/SrTiO3~001! was also evaluated. Consequently, it
was revealed that the BaO/SrTiO3~001! gains large stress,
while surprisingly the BaO/SrO/SrTiO3~001! does not have
any stress. Such large stress in the BaO/SrTiO3~001! may
disturb the subsequent epitaxial growth of the uniform
YBCO layers. Hence, we suggested that @BaO layers/single
SrO layer# are suitable buffer layers for the
YBCO/SrTiO3~001! heterojunctions.
However, most important topics for the heterepitaxial
growth were not described and discussed in the previous
paper.20 Previously, we assumed that a two-dimensional flat
and smooth BaO layer is able to be fabricated on the
SrTiO3~001! and @single SrO layer/SrTiO3~001!]
(SrO/SrTiO3~001!) substrates and constructed two different
models of BaO/SrTiO3~001! and BaO/SrO/SrTiO3~001! with
an atomically flat interface and surface. Hence, it was not
clarified whether the above atomically uniform
BaO/SrTiO3~001! and BaO/SrO/SrTiO3~001! can be actuallyDownloaded 22 Dec 2009 to 130.34.135.21. Redistribution subject tofabricated or not. Hence, in the present study we simulated
the heteroepitaxial growth process of the BaO layer on both
SrTiO3~001! and SrO/SrTiO3~001! substrates at several tem-
peratures.
The first MD algorithm to simulate the crystal growth
process was developed in 1985 by Schneider et al.,21 and
they applied it to a Lennard-Jones system. Later, the growth
process of silicon films was actively studied by means of
epitaxial growth MD simulators.22–26 In 1991 Luedtke and
Landman employed an embedded-atom MD method to in-
vestigate the deposition process of metals on metal
surfaces.27 In 1992 Athanasopoulos and Garofalini studied
the continuous deposition process of Pt particles on a silica
surface.28 We also investigated the formation mechanism of
ultrafine Au and Pd particles on the MgO~001! surface.29–34
Although crystal growth MD simulations have been applied
for Si films and metal clusters, no simulation studies have
been devoted to the epitaxial growth process of metal oxide
surfaces except for our earlier works.20,35–37 We have re-
cently developed an atomistic crystal growth MD simulation
code and applied it to the investigation of the homoepitaxial
growth process of MgO~001!35,36 and SrTiO3~001!20,37 sur-
faces. Here, we applied our crystal growth simulation code to
the continuous deposition process of BaO molecules on the
SrTiO3~001! and SrO/SrTiO3(001) substrates in order to ex-
amine whether the atomically uniform BaO/SrTiO3~001! and
BaO/SrO/SrTiO3~001! heterojunctions can be practically fab-
ricated or not ~Fig. 1!. Moreover, the effect of substrate tem-
perature on the heteroepitaxial growth process of the BaO
layer on the SrO/SrTiO3~001! substrate was also discussed.
II. METHOD
We employed our crystal growth MD simulation code35
to simulate the heteroepitaxial growth process. The method-
ology of the crystal growth MD is slightly different from
regular MD simulations. Figure 2 shows the model system of
these crystal growth MD simulations which consist of two
parts, namely a substrate and a source of emitting metal ox-
ide molecules. The total number of species in the system is
not fixed but increases with time. The number of BaO mol-
ecules deposited over the substrate surface is increased one
by one. The BaO molecules are shot to the surface at regular
FIG. 1. Employed models for the heteroepitaxial growth process of the BaO
layer on ~a! SrTiO3~001! and ~b! SrO/SrTiO3~001! substrates. Here,
SrTiO3~001! is terminated by a TiO2 atomic plane. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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900 m/s. Hence, by following the above procedure, the crys-
tal growth process of BaO thin films can be simulated on an
atomic scale. A 22.090 Å 3 22.090 Å surface was used as a
unit cell of MD simulation. In total 32 BaO molecules were
deposited on the SrTiO3~001! substrate during 20 000–
52 000 time steps; this amount is equal to the number of Sr
and O atoms which constitute a single SrO layer in the
SrTiO3~001! substrate of the present MD unit cell. The cal-
culations were performed for 70 000 time steps with a time
step of 2.0310215 s at 300–700 K. The heterointerface
stress due to the lattice mismatch of the BaO layer and
SrTiO3~001! surface was evaluated during the epitaxial
growth process according to the equations given in Kawamu-
ra’s book.38
The Verlet algorithm39 was used for the calculation of
the atomic motions, while the Ewald method40 was applied
for the calculation of the electrostatic interactions under the
periodic boundary condition. Temperature was controlled by
means of scaling the atom velocities. The two-body, central
force interatomic potential, as shown in Eq. ~1!, was used for
all the calculations. In Eq. ~1!, the first and second terms
refer to the Coulomb and exchange repulsion interactions,
respectively:
u~ri j!5ZiZ je2/ri j1 f 0~bi1b j!
3exp@~ai1a j2ri j!/~bi1b j!# , ~1!
where Zi is the atomic charge, e is the elementary electric
charge, ri j is the interatomic distance, and f 0 is a constant.
The parameters a and b in Eq. ~1! represent the size and
stiffness, respectively, in the exchange repulsion interaction.
The potential parameters for SrTiO3 and BaO were deter-
mined by using MD simulations ~Table I!, so as to reproduce
FIG. 2. Model system for simulating the epitaxial growth process on metal
oxide surfaces.
TABLE I. The potential parameters of Sr, Ba, Ti, and O atoms.
Atom Zi ai/Å bi/Å
Sr 11.2 1.506 0.070
Ba 11.2 1.666 0.070
Ti 12.4 1.109 0.070
O 21.2 1.503 0.075Downloaded 22 Dec 2009 to 130.34.135.21. Redistribution subject tothe lattice constants and expansion coefficients of SrTiO3
and BaO crystals. The lattice constants and expansion coef-
ficients of SrO and BaTiO3 crystals were also well repro-
duced by the same potential parameters. The reproduction of
the melting point of SrO and BaO crystals was also con-
firmed. Details of the validity of the potential parameters
were described in our earlier paper.20
Calculations were performed on a Hewlett Packard
Apollo 9000 Model 710 workstation, while the CG visual-
ization was made with Insight II MSI software41 on a Silicon
Graphics IRIS-Indigo2 workstation. Dynamic features in the
heteroepitaxial growth process were also investigated by us-
ing real time visualization with the MOMOVIE and RYUGA42
codes developed in our laboratory on OMRON LUNA-88K
and Hewlett Packard Apollo 9000 Model 715/33 worksta-
tions, respectively.
III. RESULTS AND DISCUSSION
A. Epitaxial growth process of the BaO layer on
SrTiO3001 at 700 K
We applied our crystal growth MD simulation code to
the investigation of the heteroepitaxial growth process of a
BaO layer on the SrTiO3~001! substrate terminated by a TiO2
atomic plane @Fig. 1 model ~a!#. Figure 3 shows the continu-
ous deposition process of BaO molecules on the SrTiO3~001!
substrate at 700 K. The SrTiO3 substrate is shown by atomic
bonds, while the deposited BaO molecules are shown by
spheres. After any BaO molecules migrated on the
SrTiO3~001! substrate, a two-dimensional and epitaxial
growth of the BaO layer was observed. Moreover, the depos-
ited BaO molecules retained a NaCl-type structure and ~001!
oriented configuration during the MD simulation. This indi-
cates that the epitaxial growth of the BaO layer on the
SrTiO3~001! substrate follows the Frank–van der Merwe
growth mode.43 Furthermore, a single two-dimensional uni-
form and flat BaO layer without any defects was surprisingly
fabricated at 70 000 time steps. Hence, we confirmed that the
BaO/SrTiO3~001! with an atomically smooth surface and in-
terface can be practically fabricated at 700 K.
The mechanism of the two-dimensional epitaxial growth
of the BaO layer on the SrTiO3~001! surface was discussed
from the standpoint of the atomic interactions. In a previous
paper,31 we simulated the deposition process of Au atoms on
the MgO~001! surface and observed a three-dimensional and
hemispherical Au cluster formation on the MgO~001! sur-
FIG. 3. Epitaxial growth process of a BaO layer on a SrTiO3~001! substrate
terminated by a TiO2 atomic plane at 700 K @model ~a!#. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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follows the Volmer–Weber growth mode. This structure is in
significant contrast to that obtained by the deposition of BaO
molecules on the SrTiO3~001! surface as shown in Fig. 3.
The epitaxial growth of the BaO layer on the SrTiO3~001!
surface follows the Frank–van der Merwe growth mode.
These different crystal growth mechanisms were interpreted
from the standpoint of the atomic interactions. The larger
atomic interaction between the Au atom–Au atom, compared
to that between the Au atom–MgO substrate causes the ag-
gregation of Au atoms and the fabrication of a three-
dimensional cluster on the MgO~001! surface. On the other
hand, in the case of the epitaxial growth process of the BaO
layer on the SrTiO3~001! surface, the deposited BaO mol-
ecules are inclined to adhere directly to the substrate instead
of the aggregation, due to the stronger atomic interaction
between the BaO molecules–SrTiO3~001! surface compared
to that between the Au atom–MgO substrate. Hence, it leads
to a two-dimensional and epitaxial BaO thin layer on the
SrTiO3~001! surface.
The @010# direction heterointerface stress due to the lat-
tice mismatch during the whole heteroepitaxial growth pro-
cess of BaO/SrTiO3~001! was calculated ~Fig. 4!. The stress
gradually increased from the start of the emission ~40 ps!
during the heteroepitaxial process, and finally reached ap-
proximately 1.2 GPa. The linear increase of the stress with
time is also an interesting find, since we expected before that
the large stress above was suddenly induced when the last
defect on the constructed BaO layer was filled by a deposited
BaO molecule and the complete epitaxial BaO film without
any defects was just constructed. Anyway, it was amazing
that the BaO layers grew epitaxially and uniformly on the
SrTiO3~001! substrate, even with such large heterointerface
stress. However, such large stress may disturb the subsequent
fabrication of the YBCO/BaO/SrTiO3~001! heterojunction
with an atomically smooth surface and interface.
The origin of such large stress was already discussed in
a previous paper.20 Since the constructed BaO layer is di-
rectly attached to the TiO2 atomic plane, and a BaTiO3 crys-
tal also has a stacked structure of alternating BaO and TiO2
atomic planes, the BaO layer was fabricated as a part of the
BaTiO3 crystal (a54.012 Å! instead of a BaO crystal
FIG. 4. @010# direction stress of a BaO/SrTiO3~001! heterojunction due to
the lattice mismatch, during the heteroepitaxial growth process at 700 K
@model ~a!#.Downloaded 22 Dec 2009 to 130.34.135.21. Redistribution subject to(1/A2a53.905 Å!. Hence, the lattice mismatch between the
BaTiO3 crystal (a54.012 Å! and the SrTiO3 crystal (a
53.905 Å! produces the above large stress at the heteroint-
erface.
B. Epitaxial growth process of the BaO layer on
SrO/SrTiO3001 at 700 K
Our crystal growth MD simulation code was also applied
to the investigation of the heteroepitaxial growth process of
the BaO layer on the SrO/SrTiO3~001! substrate @Fig. 1
model ~b!#. We already reported20 that a single smooth SrO
layer without any defects can be fabricated on the
SrTiO3~001! substrate terminated by the TiO2 atomic plane
at 700 K, and hence a single SrO layer is employed as a
buffer layer for the BaO/SrTiO3~001! heterojunction. Figure
5 shows the continuous deposition process of BaO molecules
on the SrO/SrTiO3~001! substrate at 700 K. The SrO/SrTiO3
substrate is shown by atomic bonds, while the deposited BaO
molecules are shown by spheres. A two-dimensional and ep-
itaxial growth of the BaO thin layer, retaining a NaCl-type
structure and ~001! oriented configuration, was observed dur-
ing the MD simulation. Furthermore, a single two-
dimensional uniform and flat BaO layer without any defects
was fabricated at 70 000 time steps. These results indicate
that the uniform BaO/SrO/SrTiO3~001! heterojunction with
atomically smooth surface and interface can be practically
fabricated at 700 K.
We also calculated the @010# direction heterointerface
stress due to the lattice mismatch during the heteroepitaxial
growth process of the BaO layer on the SrO/SrTiO3~001!
substrate ~Fig. 6!. Although the stress slightly increased dur-
ing the deposition of BaO molecules ~40–104 ps!, almost no
stress was induced at the heterointerface after epitaxial
growth. These results are consistent with the previous regular
MD calculations.20
The origin of the amazing lattice match without stress
was already discussed in a previous paper.20 The topmost
single SrO layer of the SrO/SrTiO3~001! substrate inherits
the structure of the SrTiO3~001! substrate because the SrO
layer is directly attached to the TiO2 plane of the
SrTiO3(001) substrate. Since the constructed BaO layer is
directly attached to the SrO atomic plane, the BaO layer was
constructed as a part of a BaO crystal instead of a BaTiO3
crystal. Furthermore since the lattice constant of the SrTiO3
crystal (a53.905 Å! is the same as that of a BaO crystal
FIG. 5. Epitaxial growth process of a BaO layer on a SrO/SrTiO3~001!
substrate at 700 K @model ~b!#. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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did not gain stress due to the lattice mismatch.
Kawasaki and co-workers applied the laser MBE tech-
nique to the formation of the BaO layers on SrTiO3~001!
terminated by the TiO2 atomic plane and SrO/SrTiO3~001! at
around 700 K. They observed44 persistent RHEED oscilla-
tions during the growth of BaO layers on SrO/SrTiO3~001!,
but not on SrTiO3~001!. Moreover they confirmed the atomic
flatness of the constructed BaO layer on the
SrO/SrTiO3~001! substrate by using the AFM technique.44
Finally, on the basis of the present crystal growth MD simu-
lations, we confirmed that the atomically uniform and
smooth BaO/SrO/SrTiO3~001! heterojunction can be practi-
cally fabricated and @BaO layers/single SrO layer# are suit-
able buffer layers for the YBCO/SrTiO3 heterojunction ~Fig.
7!.
C. Temperature effect on the epitaxial growth
process of the BaO layer on SrO/SrTiO3001
Experimentally, the substrate temperature is one of the
important parameters to control the structure and morphol-
ogy of the grown metal oxide layers on substrates. Hence,
the atomistic understanding of the effect of substrate tem-
perature on the heteroepitaxial growth process has been re-
quired. Therefore, we simulated the heteroepitaxial growth
process of the BaO layer on the SrO/SrTiO3~001! substrate at
a low temperature of 300 K ~Fig. 8!. The BaO layer epitaxi-
ally grew, retaining a NaCl-type structure and ~001! oriented
configuration even at this low temperature. However, after
FIG. 6. @010# direction stress of BaO/SrO/SrTiO3~001! heterojunction due
to the lattice mismatch during the heteroepitaxial growth process @model
~b!#.
FIG. 7. Suitable buffer structure of YBa2Cu3O72x /SrTiO3~001! predicted
by the crystal growth MD simulations.Downloaded 22 Dec 2009 to 130.34.135.21. Redistribution subject to32 BaO molecules deposited on the SrO/SrTiO3~001! sub-
strate, some defects in the first constructed BaO layer were
observed, and some BaO molecules already constructed the
second BaO layer, which is significantly different from that
at 700 K. Thus it was found that the complete layer-by-layer
heteroepitaxial growth of BaO thin films without defects on
the SrO/SrTiO3~001! substrate was not realized at a low tem-
perature of 300 K, which agrees well with the experimental
results.44
In order to investigate the size effect of the MD simula-
tion cell on the epitaxial growth process, we also performed
the epitaxial growth simulations of the BaO layer on the
SrO/SrTiO3~001! substrate which has a four times larger sur-
face area than the previous one ~44.180 Å 3 44.180 Å!. The
crystal growth MD simulations were performed at both 300
and 700 K. Since a similar temperature effect on the epitaxial
growth process of BaO layer was observed, we confirmed
that the size effect of the MD simulation cell is not signifi-
cant in the present MD calculations. We also performed ep-
itaxial growth simulations of the BaO layer on the
SrO/SrTiO3~001! with different deposition fluxes in order to
investigate the effect of deposition fluxes on the epitaxial
growth process. For the present purpose, the BaO molecules
are shot to the surface at time intervals of 2000 and 4000
time steps. These values correspond to a half and quarter of
the original flux. The crystal growth MD simulations were
performed at both 300 and 700 K. However, an almost simi-
lar temperature effect on the surface flatness of the con-
structed BaO layer was obtained. Hence, we confirmed that
the effect of deposition fluxes on the epitaxial growth pro-
cess of the BaO layer is not significant in the present MD
simulations.
D. Self-diffusion coefficient and activation energy of
a single BaO molecule on SrO/SrTiO3001
It was expected that the MD simulations of the surface
migration processes of BaO molecules on the
SrO/SrTiO3~001! substrate supplement the problem of the
crystal growth MD simulations related to the short simula-
tion time. Hence, we investigated the surface migration pro-
cess of a single BaO molecule on the SrO/SrTiO3~001! sub-
strate at various temperatures and discussed the mechanism
of the temperature-dependent heteroepitaxial growth process
of the BaO layer on the SrO/SrTiO3~001! substrate. BaO
molecules migrate on the SrO atomic plane of the
FIG. 8. Epitaxial growth process of a BaO layer on a SrO/SrTiO3~001!
substrate at 300 K @model ~b!#. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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growth process, while they migrate on the constructed BaO
plane and search for the rest of the uncovered SrO position at
the final period. The final part of the epitaxial growth process
is more important to discuss the temperature dependence of
the constructed BaO layer structure. Hence, the self-diffusion
coefficient and activation energy of a single BaO molecule
on the BaO/SrO/SrTiO3~001! surface were investigated. The
50 000 time step calculations were repeated five times for
different initial positions of a single BaO molecule on the
surface at a selected temperature. This will allow an accurate
time and temperature dependence of mean square displace-
ments ~MSD!. Figure 9 shows a MSD(t) of a single BaO
molecule on the BaO/SrO/SrTiO3~001! surface as a function
of time at 700 K as a typical example. The linearity of the
MSD(t) curve suggests that the present simulation is ad-
equate to estimate the self-diffusion coefficient ~D!, which is
calculated from the derivative to time of the MSD. The self-
diffusion coefficients at various temperatures are given in
Table II. During 50 000 time steps, the migration of the
single BaO molecule was not observed at 300 K. The small
diffusivity of the BaO molecule at 300 K leads to the forma-
tion of defects in the constructed BaO layer on the
SrO/SrTiO3~001! substrate, which is shown in Fig. 8. The
deposited BaO molecules did not reach defect sites at 300 K
because of their low migration ability, and the BaO mol-
ecules were stacked close to the position where they hit the
surface. The D value increased drastically with temperature,
as shown in Table II. Since a remarkably high value was
observed at 700–1000 K, the defects on the surface were
FIG. 9. Mean square displacements of a single BaO molecule with time on
the BaO/SrO/SrTiO3~001! surface at 700 K.
TABLE II. Calculated self-diffusion coefficients ~D! of a single BaO mol-
ecule on the BaO/SrO/SrTiO3~001! surface.
Temperature/K D3109/m2 s21
1000 5.29
900 4.49
800 3.32
700 2.23
600 1.47
500 0.65
400 0.28
300 not detectedDownloaded 22 Dec 2009 to 130.34.135.21. Redistribution subject toeffectively and readily filled with the migrating BaO mol-
ecules. Hence, the increase of the diffusivity of deposited
BaO molecules with temperature is responsible for a com-
plete layer-by-layer heteroepitaxial growth, which is in good
agreement with the experimental results.44
Furthermore, assuming an Arrhenius law for the tem-
perature dependency of the diffusion coefficient, we can de-
rive the value of the activation energy for the surface diffu-
sion of a single BaO molecule from the data of Table II.
Figure 10 shows an Arrhenius plot which gives an activation
energy of 4.0 kcal/mol. In order to investigate the size effect
of the MD simulation cell, we also performed the diffusion
simulation of a single BaO molecule on the
BaO/SrO/SrTiO3~001! surface at several temperatures with a
different MD unit cell. A four times larger surface ~44.180 Å
344.180 Å! was employed for the present purpose. Since
almost similar activation energy for the surface diffusion of a
single BaO molecule was obtained, we confirmed that the
size effect of the MD simulation cell on the BaO diffusion is
not significant in the present MD simulation.
We already reported the activation energy of 5.8 kcal/
mol for the surface diffusion of a single MgO molecule on
MgO~001! substrate.35 Comparing those values, we suggest
that the BaO molecules readily migrate and effectively fill
the defects on the SrO/SrTiO3~001! substrate compared to
the MgO molecules on the MgO~001! substrate. Hence,
lower substrate temperature is required for the complete ep-
itaxial growth of a BaO layer without defects on the
SrO/SrTiO3~001! substrate than the homoepitaxial growth of
the MgO~001! substrate. Experimentally, Kawasaki and
co-workers44 confirmed that the deposited BaO molecules
form a smooth layer on the SrO/SrTiO3~001! substrate at 713
K, while Chambers and co-workers45 reported that the
smooth thin film fabrication in the homoepitaxial growth of
the MgO~001! substrate is realized at higher temperatures of
923–1023 K. These experimental results agree very well
with our MD simulations.
IV. CONCLUSION
The heteroepitaxial growth processes of the BaO layer
on the SrTiO3~001! and SrO/SrTiO3~001! substrates were
FIG. 10. An Arrhenius plot for the surface diffusion of a single BaO mol-
ecule on the BaO/SrO/SrTiO3~001! surface. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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clarified that the construction of the uniform
BaO/SrTiO3~001! and BaO/SrO/SrTiO3~001! heterojunctions
with an atomically smooth surface and interface are possible
by the deposition of BaO molecules at 700 K. The effect of
the substrate temperature on the above heteroepitaxial
growth process was also discussed. Finally, we confirmed
that the @BaO layers/single SrO layer# is a suitable buffer
layer for the artificial fabrication of regulated
YBCO/SrTiO3~001! heterojunctions.
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